Abstract: In this study, the authors propose a novel small antenna for use in mobile direction finding (DF) systems covering the range 20 -1300 MHz. The proposed antenna has a multiconical sleeve to increase the input resistance at low frequencies while reducing the antenna size. A skirt-shaped disk on top of the antenna body maintains the omnidirectional radiation pattern over a wide frequency band without radiation nulls in the broadside direction. The detailed design parameters of the proposed antenna were optimised using a Pareto genetic algorithm (GA) with the FEKO EM software package. Below 200 MHz, the proposed antenna shows a receiving performance comparable to a 60-cm conventional dipole but at only half the size. Above 200 MHz, the antenna maintains an omnidirectional radiation pattern up to 1300 MHz with a stable realised gain, whereas the 60-cm dipole has a broadside radiation null at about 850 MHz.
Introduction
Mobile direction finding (DF) systems are used in many applications for estimating the direction of unknown electromagnetic waves. Mobile DF systems have been frequently used in the military to detect enemy locations by their radio-frequency communications. Mobile DF systems are also currently used for various non-military applications such as detecting unauthorised transmitters, finding shadow zones of various wireless services and for groundpenetrating radars [1 -7] .
Most DF systems determine the direction of electromagnetic waves by calculating the phase differences of an array of antennas. Ideally, each antenna in the array has an omnidirectional radiation pattern to maintain uniform receiving characteristics that are independent of the direction of the arriving signals. Generally, antennas with a symmetrical structure in the azimuth plane such as a simple dipole, a biconical antenna or a loaded disk dipole exhibit omnidirectional radiation patterns. These antennas, however, cannot be used over a wide frequency band since radiation nulls are present in the broadside direction (u ¼ 908) when induced currents in the antenna body are distributed on an even number of wavelengths [8 -11] .
The disk-loaded monopole with inserted positiveintrinsic-negative (PIN) diodes has been used to provide a mobile DF antenna with broadband characteristics and increased usable frequency range by controlling induced currents on the antenna body. However, the added PIN diodes and the accompanying bias networks increase the complexity and manufacturing cost of the system [12, 13] . A low radar cross-section (RCS) antenna with an improved receiving antenna performance has been reported, but the complicated antenna structure required to minimise the RCS is not suitable for a mobile DF system [14] .
In this paper, we propose a novel small antenna with a compact structure as an element of a mobile DF system for finding the direction of electromagnetic waves in the range 20-1300 MHz. In the low-frequency region , the proposed antenna uses a multiconical sleeve to provide an input resistance comparable to a 60-cm dipole at half the physical size. In the high-frequency region (200-1300 MHz), the proposed antenna achieves a wideband omnidirectional radiation pattern without nulls in the broadside direction by using a skirt-shaped disk on top of the antenna body. This behaviour is unlike that of the 60-cm dipole, which has a broadside radiation null at about 850 MHz.
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This paper is organised as follows. Section 2 presents the geometry of the proposed small mobile DF antenna and the details of implementing the genetic algorithm (GA). Section 3 describes the measurement results and the operating principles of the antenna and Section 4 gives the conclusions.
2 Design procedure using a Pareto GA
The objective of this study was to design a small antenna for integration into a vehicle-mounted DF array system operating over a wide frequency band. To be suitable for the mobile DF system, each antenna should have appropriate receiving characteristics from the shortwave to the ultra-highfrequency (UHF) band (20-1300 MHz) . The height of the antenna is restricted to 30 cm for easy installation on the vehicle, and the diameter is restricted to 10 cm to maintain the phase difference among the neighbouring antennas to less than 1808 [15, 16] . A low noise amplifier (LNA) is usually installed at the input of the DF antenna to detect extremely weak signals since the DF system may be located far away from the source of the unknown electromagnetic waves. A conventional LNA generally increases the antenna gain by about 15 dB and the detection sensitivity for the signal is about 280 dBm. Thus, the gain of the DF antenna should be greater than 215 dBi to detect 1-W signals at a distance of 10 km. Below frequencies of 200 MHz, however, it is extremely difficult for antennas to maintain a realised gain greater than 215 dBi since the electrical size of the antenna is very small compared to the wavelength, and the input resistance of the antenna is less than a few ohms. In that case, the received signal power is maximally transferred to the LNA when the antenna is designed to have the highest input resistance possible instead of matching the nominal 50-V characteristic impedance. Above 200 MHz, the antenna should have an omnidirectional radiation pattern over a wide bandwidth without broadside nulls to achieve stable performance. In addition, the antenna should maintain a broad beamwidth greater than 908 with a gain greater than 215 dBi to receive any signal arriving off the bore-sight angle without requiring an electrical or mechanical beam-steering system. To satisfy the above specifications, we propose a new smallprofile DF antenna as shown in Fig. 1 . We inserted a multiconical sleeve in the antenna structure to increase the input resistance in the low-frequency region . We also added a disk load to the top of the antenna body to achieve an omnidirectional radiation pattern over a wide bandwidth without nulls in the broadside direction. The disk loading has the effect of shifting the frequency where the radiation null occurs to a much higher frequency while the other characteristics remain almost the same as before. The edge of the loaded disk is bent down to form a skirt shape to maximise the disk loading effect since the diameter of the antenna is restricted to less than 10 cm. Finally, we use an aluminium cylinder with a radius of 8 mm as the antenna body to support the heavy disk and the multiconical sleeve even under strong wind conditions. Two design goals were sought in the creation of this antenna. One was to raise the input resistance to be comparable to that of the 60-cm dipole while keeping the antenna size under 30 cm in the low-frequency band. The other was to maintain the omnidirectional radiation pattern up to 1300 MHz with a high realised gain.
We used a Pareto GA in conjunction with the FEKO software package (EM Software and Systems) [17] to determine the optimal design parameters. The GA is a stochastic search method based on the principles of natural selection and evolution, and it has been applied to many EM design problems. The Pareto GA in particular produces good results for multi-objective problems because it can generate a wide range of solutions corresponding to more than one objective with only one optimisation cycle [18] [19] [20] . In addition, FEKO provides highly accurate results for a three-dimensional (3D) structure such as the proposed antenna with a relatively fast calculation time compared to other EM simulation tools with different solvers. In the Pareto GA process, a two-dimensional (2D) cross-section of the antenna shape is encoded as a 90-bit binary chromosome, and in the process of EM simulation, the encoded 2D shape is rotated around the z-axis to form a complete 3D antenna structure for proper EM simulation. The EM simulation time can be reduced to approximately two-third if the 3D axial symmetric structure is properly modelled as a 2D structure by using the electric and magnetic boundary conditions. In the Pareto GA processes, evolution of the optimisation is determined by the cost function, which explicitly expresses the design goals as a formula. The cost functions used in this Pareto GA process are as follows www.ietdl.org where R ant and R dipole are the input resistances of the proposed antenna and the conventional 60-cm dipole, respectively, and Eff ant is the radiation efficiency of the proposed antenna. Cost 1 is used for high-input resistance in the low-frequency band and is normalised by the input resistance of the conventional 60-cm dipole. For example, the conventional 60-cm dipole has an input resistance of 0.25-45.5 V from 20 to 200 MHz, and the input resistances of the optimised antennas are divided by those values at each frequency. Cost 2 is used to raise the antenna gain and broaden the beamwidth, and is calculated by subtracting the averaged gain from 1, where the observation angle is p/6 , u , 5p/6. The m and n represent the number of discrete observation angles and frequencies within the frequency and angle range of interest. The Pareto GA then minimises both Cost 1 and Cost 2 to find solutions. After evaluating all populations (one population consists of 50 chromosomes) by the above two cost functions using the FEKO EM simulator, each chromosome is ranked using the non-dominating ranking method [21] . Then the population for the next generation is reproduced using a two-point crossover scheme with a mutation probability of 0.1 and a crossover probability of 0.8. Additionally, a sharing scheme is applied to each sample to obtain a widely spread result in terms of the two cost domains [22] . Roughly 200 GA iterations with 50 chromosomes were required to obtain converged results. This required less than 120 h using four Intel Q6600 CPUs. If the EM simulation time for each design were much longer than this situation, a local optimiser or hybrid method should be considered instead of GA for faster convergence [23, 24] . The Pareto GA optimised result is shown in Fig. 2 , where the average gain in the high-frequency band (200-1300 MHz) is plotted against the normalised radiation resistance in the lowfrequency band . As expected, the radiation resistance in the low-frequency band increased when the average gain in the high-frequency band decreased. All the optimised samples achieved average antenna gains greater than 26 dBi and normalised radiation resistances greater than 0.75 V, whereas the 60-cm dipole exhibited an average gain of 210 dB and a radiation resistance of approximately 1 V. At a low-frequency band , the performance of the LNA improves when the radiation resistance of the antenna increases; the LNA used in this paper needs a minimum input resistance greater than about 0.2 V (varies depending on LNAs) at 20 MHz to operate adequately. Thus, we selected Sample A (in Fig. 2 ) that exhibits the maximum average gain and, at the same time, satisfies the LNA's minimum requirement for input resistance. We then built and measured the performance of Sample A to confirm the optimised result. The optimised design parameters for Sample A were as follows: w ¼ 99.6 mm, r 1 ¼ 80. 4 The antenna body, the multiconical sleeve and the skirt-shaped disk were made of aluminium, and the three parts were bolted together. An LNA was placed on the feed of the antenna to amplify the weak received signal, and that was shielded with a plastic case to protect the inner circuitry.
3 Measurement and analysis of the optimised DF antenna Fig. 3 shows the measured TL of the proposed antenna as a function of distance between the AUT and a transmitter. An LNA with a gain of about 15 dB is installed on the AUT, and a half-wavelength dipole [25] with an input power of 1 W is used as a transmitting antenna. The lengths of the dipoles are set to 3, 1.5 and 1 m at 50, 100 and 150 MHz, respectively. Both the AUT and transmitting antenna are raised above the surface of the ground by 1 m. The TL in Fig. 3 is then obtained by subtracting the LNA gain from the measurement to obtain the antenna performance without the effect of the LNA. Close agreement exists between the simulated and measured results of the proposed antenna. The slight difference between the simulation and measurement may have occurred because real environmental data such as the exact dielectric properties, shape of the ground soil and surrounding buildings were not included in our simulation. For the sake of comparison, the measured TL of the 60-cm conventional dipole is also plotted on the same graphs. The TL of the proposed antenna is almost the same as that of the 60-cm dipole even though the height of the antenna is reduced to 30 cm. As expected, the TL of each antenna increases as the frequency rises since the radiation resistances of the antennas also increase.
Measurement in the high-frequency band (200 -1300 MHz)
We measured the passive part of the antenna without the LNA in an anechoic chamber for the frequency range 200-1300 MHz to estimate the performance of the AUT excluding the active circuit. The passive part of the proposed antenna was differentially fed with a 50-V characteristic impedance. To obtain the exact impedance from the differential feed antenna, we used a network analyser (Agilent E5071) that supports the measurement of balanced ports. We also constructed and used an impedance transformer that converts two single-ended 50-V ports connected to the network analyser to a 50-V differential port connected to the antenna. The inset in Fig. 4 shows the impedance transformer printed on an FR-4 substrate (1 r ¼ 4.3, tan d ¼ 0.02, thickness ¼ 1.6 mm) with a 21 Â 20-mm ground plate. The solid and dashed lines in Fig. 4 represent the measured and simulated return losses of the proposed DF antenna using the impedance transformer we constructed. The measurement closely matches the simulation result except in the range 300-500 MHz because of the power loss of the impedance transformer. Again, the return loss of the 60-cm dipole is plotted in the same figure. The proposed antenna resonates at 200 MHz as does the 60-cm dipole antenna, although the proposed antenna is only half the size. As expected, the harmonic resonance of the proposed antenna shifts to a much higher frequency than 1300 MHz because of the disk loading effect, unlike the 60-cm dipole. Note that the 60-cm dipole exhibits the harmonic resonance (current distribution on around 1.5l) between 700 and 900 MHz. We would expect from this result that the radiation null of the proposed antenna would be eliminated in the operating frequency band.
The realised gain of the proposed DF antenna in the broadside direction (u ¼ 908) was measured as shown in Fig. 5 using two identical antennas with the constructed impedance transformer. The measured gain was close to the simulated result, and the proposed antenna had a stable gain without large fluctuating values across a wide frequency band. However, as expected, the 60-cm dipole showed a radiation null at about 850 MHz since the currents on the antenna are distributed at about 2l, and they almost cancel in the far-field region. In the operating band, the proposed antenna showed a broad simulated beamwidth (for the DF antenna, this is defined as a gain greater than 215 dBi) of more than 1008. We also measured the radiation efficiency (which excludes the mismatch loss at the input port) of the antenna using the Wheeler cap. This was greater than 95% in the operating frequency band [26, 27] . Figure 4 Return loss of the proposed antenna and the 60-cm dipole Figure 5 Broadside gain of the proposed DF antenna and the 60-cm dipole 
Operating principle of the DF antenna
To explain the operating principle of the proposed antenna, we examined how the loaded disk affects the radiation pattern, and how the multiconical sleeve boosts the input resistance of the antenna. First, to understand the effect of the loaded disk, we plotted the broadside gain for various disk sizes as shown in Fig. 7a . Two different sizes of disk-loaded antennas were built with the heights of 28 and 40 cm to maintain the same resonance frequency at 200 MHz. Fig. 7a clearly shows that the radiation null shifts to a much higher frequency as the size of the loaded disk increases. Fig. 7b shows the current distributions on each antenna body at 850 MHz.
In the 60-cm dipole, the currents with different signs are distributed over 2l, and the radiation from the opposite currents cancels out in the broadside direction. However, in the antenna with the disk loading, the induced currents on the antenna body are distributed over less than 2 l, and as a result, nulls in the broadside direction do not occur over a wide frequency band. Fig. 8 shows the null frequencies in the broadside direction for various disk sizes obtained using the FEKO EM simulator. All antennas were built to resonate at 200 MHz. As the disk size increases, the null frequency increases because the current distribution of the antenna body becomes shorter. This result clearly shows that the electrical size of the disk significantly affects the frequency where the radiation null occurs.
To examine the effect of the multiconical sleeve, we compared the input resistance and the realised gain among an antenna with a conical sleeve (a ¼ 50 mm, b ¼ 70 mm; parameters shown in the inset in Fig. 9 ), a thick dipole with a radius of 8 mm, and a thin dipole of aluminium pipe with a radius of 0.4 mm. Dipoles with a thick radius are usually used to increase the input resistance in the design of electrically small antennas. However, Fig. 9 shows that the conical sleeve more effectively increases the input resistance and the realised gain than the thick radius of the dipole. This effect occurs because the total path and the surface area for the current flow are increased by adding the multiconical sleeve, and thus it raises the input resistance while preserving the physical height of the antenna. Fig. 10 shows the input resistance as a function of the total surface length (4d 1 þ d 2 ) of the conical sleeve, which is simplified to two sections without the loaded disk. The height of the antenna is fixed at 30 cm (0.02l), and then the surface length of the conical sleeve is changed by increasing the angle a and the length d 1 . The highest input resistances of each antenna (a ¼ 308, 408 and 508) are marked with a solid triangle, and they occur when the length of the conical sleeve (2d 1 ) is similar to the length of the antenna body (d 2 ) for a given angle. This result demonstrates that high-input resistance can be achieved if the angle and surface length of the conical sleeve are properly selected although the total height of the antenna does not change. www.ietdl.org 4 
Conclusions
We proposed a novel electrically small antenna for a mobile DF system. In the low-frequency band , the proposed antenna exhibits an increased input resistance because of the multiconical sleeve, and shows a receiving performance similar to the conventional 60-cm dipole while the height of antenna is reduced to 30 cm. In the high-frequency band (200 -1300 MHz), the proposed antenna maintains an omnidirectional radiation pattern with a stable realised gain because of the skirt-shaped disk, whereas the 60-cm dipole has a radiation null in the broadside direction at about 850 MHz. To explain the operating principle of the proposed antenna, we described how the loaded disk shifts the broadside null and the conical sleeve boosts the input resistance. 6 References
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